This study focuses on coupling geochemistry with geo-hydraulics to enable time-dependent modelling of the remediation of acidic groundwater using an alkaline permeable reactive barrier (PRB). Chemical clogging due to secondary mineral precipitates reduces the porosity and hydraulic conductivity of the reactive medium. The governing equations are incorporated into commercial numerical codes, MODFLOW and RT3D. An original algorithm was developed for RT3D to simulate geochemical reactions occurring in the PRB. The results and the model predictions are in agreement, confirming that the hydraulic conductivity reduction due to mineral precipitation occurs at the start of permeation and continues until halfway through the testing phase.
Introduction
Acidic groundwater generated from acid sulfate soil (ASS), which occupies over 200,000 km 2 of the Australian land is a major environmental and socio-economic problem in Australia . Changes in land use pattern (e.g., construction of deep flood mitigation drains) and hydrological systems (e.g., rainy and drought seasons) can promote the oxidation of ASS (pyrite) in shallow zones, with the associated generation of sulfuric acid in soil, which results in mobilizing toxic metals (aluminium (Al) and iron (Fe)) from the soil [1] , [2] , [3] .
Therefore, the transportation of acidic water along with high concentrations of dissolved Al and Fe towards the water bodies has significantly degraded the coastal environment of Australia.
A permeable reactive barrier (PRB) offers an in-situ technology for passive treatment of contaminated groundwater [4] , [5] , [6], [7] . Recycled concrete has been recommended as one of the suitable reactive media for the PRB based on the batch test analysis among 24 different types of alkaline materials [8] for its ability to remove Al and Fe effectively out of solution, and most importantly to maintain near neutral pH for a considerable time. A pilot-scale PRB in October 2006 (Fig. 1 ). The PRB was filled with crushed recycled concrete (d 50 = 40 mm) and the trench was lined with geotextile fabric to protect the reactive media from physical clogging by soil and other fine particles entering the barrier. A total of 30 observation wells and 15 piezometers were installed inside, up-gradient and down-gradient of the PRB to monitor phreatic surface variations, hydraulic gradients, permeability and groundwater chemistry. Groundwater elevation and water quality parameters such as pH, oxidation reduction potential (ORP) and temperature were directly measured in the field every month from October 2006 using water level meter and multi-parameter field electrode probes. In 3 addition, pH, DO (dissolved oxygen), water pressure, and temperature were measured hourly by two multi-parameter automated data loggers installed within the barrier. Groundwater samples were collected frequently for analysis of iron, aluminium, major cations, anions and other trace metals. To the knowledge of the authors, this is only the second pilot scaled PRB under reducing conditions that has been installed for treating acidic water from acid sulphate soil after a natural limestone PRB reported by [9] .
Generally the performance of PRBs has been satisfactory [4] , [10] , [11] , [12] , [13] , [14] . On the other hand, questions remain about the long-term efficiency of PRBs that are expected to function for decades or longer [5] , [15] , [16] . The performance of PRBs has been hindered by mineral fouling wherein the pore space is reduced by mineral precipitation in the reactive media. Fouling of the pore spaces reduces the porosity and hydraulic conductivity of the reactive medium [16] , [17] , [18] , [19] , [20] , [21] , [22] , [23] , [24] , which then directly affects the reorientation of flow paths and changes reactive times. Porosity reductions due to secondary mineral precipitation usually are calculated by the volumes of secondary minerals observed in cores or from stoichiometric calculations using measured changes in aqueous concentrations [5] . Porosity reduction model developed by [25] for an in situ reactive barrier for the treatment of hexavalent chromium and trichloroethylene in groundwater has used the transition state theory (Eq. 1) to model secondary mineral formation in treatment zone and surface area reduction method to model the depletion of reactive material of zero-valent iron (Eq. 2). Simulations based on [25] , the decrease in volume fraction was approximately 0.5 to 0 .42 after 20 years in the reactive barrier.
Moreover, the porosity reductions of nine PRBs are reported by [26] , indicating the porosity reductions range from 0.0007 -0.03 per year. Li [5] , [26] also used Eq. 1 to develop the geochemical algorithm and Eq. 2 for reactive surface area reduction of zero-valent iron. The current study too adopted the transition state theory (Eq. 1) to develop the geochemical algorithm for the secondary minerals precipitation and for the dissolution of Ca-bearing minerals in the reactive media. Eq. 2 was not used to model the depletion of recycled concrete aggregates' surface area, as the surface area is not 100% consists of reactive material (Ca-bearing minerals) [27] .
Usually the porosity reductions due to secondary mineral precipitation are greater near the entrance face and diminish with distance into the PRB. Wilkin [14] reported the zero-valent iron medium at US Coast Guard Support Centre had a decrease in porosity by 0.032 within the first 25 mm from the entrance face after eight years of operation. Liang [28] used saturation indices of each and every mineral in the system to predict which ones precipitate and which ones dissolve. Liang's [28] model for porosity reduction due to secondary mineral precipitation simulated over 10 years gave 0.188, 0.672, 1.150 and 0.918 reductions in PRBs located at Portsmouth, Moffett field, Monticello and Y-12 site respectively. Although the porosity reduction at entrance face was significant, about 80 mm in to the iron medium, the porosity reduction diminished to less than 0.00002. Further studies done by [5] , considering the effect of different parameters (geochemical parameters, influent concentration, rate coefficients and aquifer parameters) for porosity reduction in PRBs show that maximum porosity reduction was attained at the entrance face and diminishes with distance going into the PRB. This head will be the input into MODFLOW which in return will be used to couple the groundwater flow with reaction kinetics in RT3D. User-defined module facilitated in RT3D was used to feed the geochemical algorithm into the numerical codes. This model is beneficial for practising engineers and scientists who have to deal with ASS especially in coastal areas of Australia. column experiments were run as suggested by [29] one for sampling and one to take pressure readings. The purpose of running two simultaneous columns instead of one column was to eliminate the impact of sampling activities on the pressure in the column [29] . The pressures at the onset were measured for both columns using pressure transducers at both ends which were almost the same. The input and environmental conditions were maintained the same for both columns, so the pressure readings calculated at each port was assumed similar to the respective sampling port at the same height in the other column.
Methodology

Laboratory column experiments
The crushed recycled concrete used in this study was a waste material discarded after the demolition of old concrete structures. The particle size of crushed concrete was chosen such that it passed the 4.75 mm sieve and was retained on the 3.35 mm sieve to ensure a uniform particle size. Quantitative X-ray diffraction (QXRD) analysis indicated that the major cations (by 7 weight) in the solid recycled concrete were: Ca (57.3%), Fe (21.4%), Al (9.85%), Mg, (5.27%), Si (3.06%) and others (3.04%) [24] , [27] . The main Ca-bearing minerals incorporated in the model are CaAl 2 Si 2 O 8 (16.8% by weight), CaCO 3 (4.4% by weight) and Ca(OH) 2 (0.3% by weight) as given in [27] .
The experiments were conducted in transparent acrylic columns ( was directed from bottom to top to maintain saturated conditions. The input solution for the column was a synthetic acidic water (Table 1 ) prepared as to be comparable to the average groundwater from ASS terrain in southeast of NSW, Australia as presented by [3] and [24] . Table 1 : Water Chemistry of the influent solution prepared for column experiment simulating the water chemistry of the acidic groundwater in ASS terrain presented in [22] Note: a ORP -Oxygen Reduction Potential, b Acidity was measured equivalent with respect to CaCO 3 .
The samples were collected every 10 cm along the column. The effluents collected from sampling points and at the end of the column experiment were analysed for Ca, Al and Fe concentration. Ca and Al were analysed using ICP-MS (Inductively Coupled Plasma -Mass Spectrometry) and Fe was analysed using AAS (Atomic Absorption Spectroscopy chemical analyses were performed following the standard method for water and wastewater [30] .
Geochemical algorithm
A systematic geochemical algorithm was developed using the transition state theory used by [23] , [26] , [27] , [31] and [32] . This is the first geochemical algorithm developed for treating acidic groundwater using recycled concrete filled PRB. There are thirteen primary mineral dissolution-precipitation reactions as shown in [3] . To confirm the adoption of only these thirteen reaction equations in the geochemical algorithm, inverse geochemical modelling has been carried out by [22] which consider all the possible mineral phases in the upstream of the PRB and inside the PRB. The results from inverse geochemical modelling confirmed that these thirteen reactions are the dominant reactions in terms of acid neutralisation. Moreover, the other minerals in the influent water as listed in Table 1 , do not contribute to the acid neutralisation procedure. Fig. 3 shows that the effluent concentrations of these ions do not change significantly during the column experiments. The kinetics of mineral dissolution and precipitation were assumed to follow the transition state theory (Eq. (1)) as reported by many researchers worked on PRB studies [26] , [31] , [33] , [34] .
Li [5] used extended Debye-Huckle equation for the activity correction and data provided in [35] for the solubility constants. In this study, saturation indices (SI) which can be calculated from PRHEEQC software was used to get the value for IAP/ K eq as given in Eq. (3) [27], [36] .
Saturation indices for minerals dissolving (SI<0) and precipitating (SI>0) were calculated from PHREEQC software based on the concentration in the influent water (Na + , K + , Ca 2+ ,
, alkalinity, pH and temperature). The mineral reactions and geochemical algorithm are given in the Appendix A. The effective rate coefficient (k eff ) was assumed to be time invariant and spatially homogeneous throughout the simulation [5] .
Change of mineral quantity over time
Secondary mineral precipitates produced in the recycled concrete media were assumed to be immobile. The pore space occupied by each mineral was calculated from the relevant molar volume. The volume reduction at a given location due to secondary mineral precipitation was computed as the total volume occupied by the mineral precipitates minus the volume achieved by the dissolution of Ca-bearing minerals in recycled concrete. The associated porosity reductions (Eq. (5)) were calculated using Eq. (4) as suggested by [33] , thus 
Groundwater flow model and reactive transport flow model
The software codes MODFLOW and RT3D were used to simulate the transport and fate of the major cations in the column. MODFLOW simulates the groundwater flow using blockcentred finite difference approach [37] . The column experiment was considered to be a confined aquifer with transient flow conditions. The crushed concrete in the column was assumed to be homogeneous and isotropic. Authors have selected a relatively uniform particle gradation for the column test and have also assumed that the particle angularity is generally similar (as it was impossible to find all rounded particles of broken concrete aggregates). Therefore, for the simplicity the assumption of a continuum with homogeneity and isotropy is made along the column length. Since the flow is only vertical (1D) in the column, the negative implications of this assumptions are expected to be minimal. Indraratna [38] has indicated that for granular media, the width or diameter of the test chamber to maximum particle size ratio > 8 would make boundary effects generally insignificant. The same concepts have been applied for filtration testing of rail ballast and other rockfill for (5) (6) 11 dams [39] . In this study, given the diameter of the column as 50 mm, and the maximum particle size approximately 4-5 mm, the corresponding ratio is above 10, hence, boundary effects can be considered to be insignificant. Transient groundwater flow in one dimension is governed by:
The variation in hydraulic conductivity due to dissolution/precipitation of minerals can be calculated from Eq. (6). The solution for Eq. (7) considering the changes in hydraulic conductivity (Eq. (6)) can be written as, 
The following initial conditions can be used to calculate the values for µ, C and D. were run in tandem to get the concentrations of reactants at every time step.
RT3D is a three-dimension multi-component transport model which has the ability to solve coupled partial differential equations describing advective-dispersive-reactive transport of aqueous and solid phase species in saturated groundwater flow systems [40] . The program consists of seven pre-defined reaction modules, and a "user-defined" reaction module. The user-defined module was used in this study to simulate the geochemical reactions occur in PRBs for acidic groundwater remediation using recycled concrete. The governing equation
for fate and transport of aqueous species [5] , [40] , [41] is:
For the dissolution/precipitation reactions, r, the kinetic reaction expression in Eq. [5] , the kinetic reaction rate coefficient (k eff ) was obtained for Ca 2+ , Al 3+ and Total Fe (Fe 2+ and Fe 3+ ) ( Table 3 ) by calibrating the model against the laboratory column data provided by [27] and using the molar weights of Ca 2+ , Al 3+ , Fe 2+ and Fe 3+ . The calibrated rate coefficients were obtained by manual trial and error as undertaken by [5] . The corresponding reaction kinetics (listed in Table 3 ) were then used to validate the current model using the column experiment data of this study. The calibration was done for PV range using [27] data and the Authors' model was validated for the same PV range. This is an important experimental phase for maintaining neutral pH and for 100% removal of Al and Fe ions. Model parameters used for calibration and validation process are listed in Table   4 . (1 x 10 -6 ) Al 3+ 6.86 x 10 -8 (9.0 x 10 -7 -1.0 x 10 -8 ) Total Fe (Fe 2+ and Fe 3+ ) 5 .87 x 10 -8 (1.0 x 10 -7 -1.2 x 10 -8 ) Note: e Source: [42] and [43] Current data on effluent concentration
Model application to the field PRB
A reactive transport analysis was conducted along the centreline of the PRB. A discretisation interval of 0.1 m in the horizontal direction was adopted for a total width of 1.2 m. All the equations used in the model application to the column experiment which was a vertical flow, was assumed equivalent to the horizontal flow along the centre line of the field PRB. The geochemical algorithm is independent from the effect of gravity. On the basis of field data observed during the period from October 2006 to January 2012, the flow domain was simulated as a fully saturated system with specified head boundaries and a mean hydraulic gradient of 0.006 to represent realistic field conditions. The reaction rates for simulating the PRB conditions were the same as those corresponding to laboratory column experiments albeit different boundary conditions. Also, the primary and secondary mineral components considered in the field were the same as those in the column experiments. 15 
Results and Discussion
The reaction between the acidic water and the concrete that caused leaching of the Ca also reduced the pH of the effluent from pH 9.6 initially to 8 within 15 pore volumes (Fig. 4) ,
after which there was a slow decrease (pH dropping from 7.9 at 25 PV to 7.5 at 125 PV), a faster drop from pH 7.5 at 125PV to about 6.8 at about 185PV, a rapid drop from pH 6.8 at 185 PV to 4 at about 215 PV, and then another period with a slower rate of increase from pH 4 at 215 PV to 3.1 to about 295 PV at test termination. According to [16] , the initial drop in pH (after 15 PV passed through the column) was assumed to be due to the depletion of carbonate alkalinity. The model predicted values for first pH plateau is shown in Fig. 4 . In this model prediction, OHin the aqueous phase was assumed to be in equilibrium. However, after reaching a value of 6.8 (after 190 PVs), the pH subsequently diminishes to 4 (Fig. 4) .
This is probably due to the OHbeing in equilibrium during the depletion of carbonate minerals [16] . The experimental and predicted values of pH along the column are shown in Fig. 5 . In SP1, the rapid jump occurred at pH 6.5 in Fig. 4 is attained within 25 PVs, which is fast due to the rapid neutralisation of acidity and the exhaustion of the reactive material at the entrance of the column. In contrast in SP1, 2, 3 and 4, excessive sampling of the column was avoided in order to ensure minimum disturbance to the flow. That is probably the reason why a rapid jump was not visible in the pH values inside the column. In the early stages of the experiment, most of the Al in the synthetic groundwater precipitated shortly after entering the column and was no longer in the pore water (Fig.6) . Al precipitates when the pH is above 4.5.
Al was observed in the effluent water for the first time when the pH of the effluent dropped to 4, after which the concentration of Al continued to increase (Fig. 6 ) because of its high solubility at pH<4. Similarly, Fe also precipitated when the pH exceeded 3.5. Until 255 PV, the effluent pH did not drop below pH 3.5; accordingly, the Fe content of the effluent (<1 mg/L) was negligible throughout the duration of the column test ( Fig. 7) . data from experiment at different pore volumes ( Table 5 ). The results are very similar to the predicted porosity values from Eq. 5, further confirming the accuracy of the developed model. Several studies carried out for zero-valent iron columns [26] , [45] , organic sediment columns [46] , glass bead columns [19] and recycled concrete columns [27] have reported that excessive clogging is greatest near the inlet to the column (reactive materials) and is not uniform throughout the column. For the current case, the porosity and hydraulic conductivity reductions due to mineral precipitation and dissolution were calculated from Eq. (5) and (6) for each 100 mm interval along the column ( Fig. 9 and 10) . The porosity and hydraulic conductivity reductions were a maximum near where the water entered the column (Zone 1) and decreased with distance along the column (i.e., clogging in Zone 1 > Zone2 > Zone 3 etc.). This situation arises because of the reduction in dissolved ions in the solution available to precipitate as the water moves through the column. The pores in the column were large enough that complete occlusion of the pores did not occur and hence the flow could be maintained (with an increase in pressure) throughout the experiment. A similar trend in hydraulic properties was observed by [5] for the pilot-scale PRB (containing granular iron) conducted at Moffett Federal Airfield and U.S. Coast Guard Support Centre. apply the model to a prototype PRB in the field and to predict its longevity accurately, physical clogging from suspended clay particles should also be combined with chemical clogging, which is currently being studied. It appears that recycled concrete could be a suitable material for use in permeable reactive barriers intended to treat acidic water in typical acid sulphate soil terrains. The performance monitoring of the PRB for 6 years, which verifies its effectiveness, were reported. The average pH was around 7 within the PRB. The pH of the PRB has been decreasing slowly, compared to that in the column test. This is attributed to exhaustion of the alkalinity generating materials as well as fouling by precipitates over the surface of the materials. 
